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Abstract

Time-temperature indicators are used for sensing the thermal history of perishable prod-
ucts, like food and pharmaceutical goods. Their working principle is based on a temper-
ature response that mimics the temperature dependence of the deterioration kinetics of
a given product. For successful implementation, time-temperature indicators must be of
minimum size, cost-effective, change-irreversible, and easy to read. This work presents
a time-temperature sensor based on capillary imbibition of thermoplastic polymers into
a mesoporous photonic crystal, which was tuned to reflect well-defined wavelengths of
visible light. The photonic crystal was made by electrochemical etching of silicon, where
a periodic structure was formed with microscale layers of alternating nanoscale porosity.
Polymer infiltration induces an irreversible change of the effective refractive index of the
crystal, leading to a progressive shift of the reflected light that can be seen by the naked
eye. Importantly, the employed thermoplastic polymer (poly(ethylene vinyl-acetate))
presents a temperature-dependent viscosity that is well represented by the Arrhenius
law, which is normally used to characterize the temperature-dependence of quality in-
dexes. Therefore, each reflected color is associated to the time-temperature history of
the system, representing the deterioration level of a monitored product.

Keywords: Time-temperature sensors, Distributed Bragg reflector, Polymer
infiltration, Food quality, Perishable products

1. Introduction

Time-temperature indicators (TTIs) are devices designed for sensing the thermal
history undergone by packaged perishable products and hence to predict its residual
shelf-life [I]. These devices are increasingly demanded for monitoring the quality of food
and pharmaceutical products during transportation and distribution, as demonstrated
by the broad list of existing prototypes [2, [B]. Furthermore, nowadays TTIs enter the
so-called smart packaging concept, where sensing, actuating, and communicating are key
functions for handling the information on a products’ quality in real time [4H6].

From the point of view of the technology target profile, TTIs must be of minimum size
to be accommodated in packaging, cost-effective for mass production, change-irreversible
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for the safety of the output signal, and easy to read for users. From the point of view
of the working principle, TTIs should react to temperature changes and produce easy
readouts; furthermore, the changes should follow as close as possible the time-dependent
deterioration of a given quality index (QI) of the product. Following these requirements,
the developed TTIs regularly mimic an Arrhenius-like temperature variation and produce
an optical output signal. Sharing these common features, TTIs are usually characterized
according to the sensing mechanism: chemical [7HI], microbiological [I0, [I1], enzymatic
[12H14], or physicochemical [I5HI7]. These are a few arbitrary examples of reported
TTIs; detailed lists of devices can be found in the comprehensive reviews mentioned
above [2, [3].

Here we report the development of a TTI based on the variation of the optical response
of a photonic crystal upon polymer infiltration. The photonic crystal is made by elec-
trochemical etching of silicon [I8], where a periodic structure is formed with microscale
layers of alternating nanoscale porosity [19]. The mesoporous matrix thus constitutes a
distributed Bragg reflector (DBR)), which is tuned to reflect visible light of a well-defined
wavelength. The inset of Figure [1| shows an electronic microscopy image of a porous
silicon Bragg, where the alternating layers are formed by pores of different mean radius,
and consequently different porosity and refractive index. The optical variation is pro-
duced by allowing the capillary imbibition of a thermoplastic polymer into the crystal,
which induces an irreversible change of the reflected light wavelength, i.e. a color change
that can be readily seen by the naked eye. A key aspect is that the employed thermo-
plastic polymer (poly(ethylene vinyl-acetate), pEVA) presents a temperature-dependent
viscosity that is well represented by the Arrhenius law [20]. Therefore, the filling degree
of the DBR, and hence the reflected color, depends on the undergone time-temperature
history, which represents the deterioration level of the monitored product, as well as the
remaining shelf-life.

It is worth mentioning that the main problems limiting the use of commercial TTIs
are associated to safety, inaccuracy, and high costs [2]. Some available TTIs include toxic
compounds that may migrate into perishable products like food, threatening users’ safety.
On the other hand, the accuracy of commercial TTIs is limited because the response of
the sensors depends on several factors other than temperature (pH, light, humidity). For
example, for enzymatic/biological TTIs, the presence of antimicrobials/microbes in the
ambient directly affects the expected temperature response. For polymerization-based
TTIs, the polymerization reaction can be accelerated by the sunlight or direct bright
light, which may cause inaccurate readouts (a detailed revision of these issues can be
found in [2]).

In the TTI proposed in this work, both safety and inaccuracy drawbacks were min-
imized. The basic constituents of our sensor (pEVA and porous Si) are non-toxic [21]
and, in particular, EVA copolymers were approved by the FDA for use in contact with
food surfaces [22]. Besides, since the complex viscosity of pEVA is strongly dependent
on temperature [20] and practically insensitive to other ambient factors like humidity,
light, pH, or biological activity, the specificity our sensing mechanism improves over that
of other reported TTIs. Concerning the third mentioned drawback (relatively high cost
as a limiting factor for applications), it should be noted the TTT we are presenting here
is rather simple, without mobile parts nor external energy sources, which makes the de-
vice quite affordable. Moreover, the main cost comes from the crystalline, highly-doped
m$2-cm Si wafers employed to obtain porous silicon. Nevertheless, this material could
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be replaced by low-cost silicon substrates (standard resistivity, 10 Q-cm [23]), without
compromising the TTI sensitivity.

Before detailed descriptions in next sections, here we need to briefly compare our
system against previously reported devices with (a priori) similar mechanisms. Indeed,
there are several TTIs based on capillary imbibition, however they employ distance-
based measurements, which are marked by (i) the change of transmittance of the liquid
filled porous substrate [16] 24 25], (ii) the alteration of the legibility of a printed code
after the substrate deformation by the infiltrated liquid [26], or (iii) the change of color
produced by the temperature-dependent diffusion of colored substances into the porous
substrate [27]. Also based on polymer infiltration, highly sensitive temperature sensors
have been recently reported [28H31]; nevertheless, these works do not include TTIs to
estimate the residual shelf-life of perishable products, which is the motivation of the
present work. On the other hand, a reported TTI that claims the use of temperature-
responsive photonic crystals actually employs a hydrogel that deforms, and eventually
degrades, when reaching a threshold temperature [32]. Another development that claims
a photonic crystal makes use of particulate materials, whose lattice spacing varies with
temperature and gets frozen when put in contact with a moving hardener like ethanol,
which is stored in a pouch and acts as a timer [33]. As an improved alternative, the
system proposed here employs capillary imbibition of polymers into a rigid photonic
crystal to produce a broad range of intense and well-defined colors, which can be chosen
from the design of the periodic mesoporous matrix. Besides, the device is a very thin
sheet, which is easy to pack, does not involve mobile parts nor require energy supply,
and provides a simple and intuitive readout.

2. Theory

2.1. Kinetics of quality indezes

The deterioration of food quality and perishable products is associated to chemical,
biochemical, bacteriological and/or physical changes. The reaction kinetics may differ in
each case, for example zero-order for Maillard reaction or first-order for bacteriological
growth [34]; nevertheless, the temperature-dependence of the rate constant & is invariably
modeled with the Arrhenius law [3] [34]

k(T) = ko exp (—é), (1)

where kg is the so-called pre-exponential factor, E the activation energy, R is the gas
constant, and T is the absolute temperature. The activation energy gauges the relevance
of temperature changes on the deterioration rate of the product quality, thus its magni-
tude must be closely copied by the designed TTI, in the temperature range of interest.
More precisely, the loss of shelf-life is normally evaluated by monitoring a characteristic
QI (flavor, color, toxin levels, or microbial load). The correlation of the TTI response
to the QI is given by the cumulative time during which the product has been exposed
to a time-dependent temperature T'(¢) [35]. For this purpose, here we use the following
integer function
1

S =) /0 k(T)dt, @)


Claudio Berli
Resaltado


85

90

95

100

105

110

where Ty is the reference temperature, normally chosen as the recommended storage
temperature. Furthermore, the shelf-life (SL), the time a product may be stored without
becoming unsuitable, is tabulated for given reference temperatures [36]. Therefore, the
residual shelf-life (RSL = SL —I), which is an essential requirement for both consumers
and manufacturers, can be quantified as

RSL = SL — Eor /t _Eor) y, (3)
= exp Rlor ; exp BT ,

where Eg; is introduced as the activation energy for a defined quality index. In what
follows we discuss the sensing mechanism of the proposed TTI and, importantly, how to
tune its activation energy (Errr) to match Eg;.

2.2. Capillary imbibition in the porous matrix

The velocity of fluid imbibition in porous media follows the classical Lucas-Washburn
(LW) dynamics, dz/dt ~ 1/z, where z is the position of the fluid front at time ¢ [37, [38].
This simple result involves open tubes, absence of evaporation, negligible gravity effects,
and a steady balance between Laplace driving force and viscous resistance, i.e., inertia-
free dynamics. The proportionality constant between dz/dt and 1/z depends on both
the fluid and porous matrix characteristics; therefore, a model is required for further
descriptions. The simplest physical representation is the capillary bundle model [38],
which considers an arrangement of non-interconnected, straight capillaries, aligned in
the flow direction, for which the LW dynamics results in

dz  y(cosO)reg 1

dt 4pu 2’ )
where p is the fluid viscosity, 7 is the surface tension, 6 is the meniscus contact angle,
and reg is the effective radius. Then the imbibition dynamics results 22 = D.t where
the proportionality constant D, = y(cos 0)req/2u is defined as the capillary diffusivity
(units of m?/s). In the particular case of pores with large aspect ratios, such as the
alumina membranes obtained by electrochemical etching, r.g coincides reasonably well
to the pore size measured by electronic microscopy [39, 40]. Mesoporous silicon, also
obtained through electrochemical etching, exhibit a sponge-like structure where the pores
are interconnected, but maintaining a preferential direction perpendicular to its surface
(z-axis) |41, [42]. The DBR here used is formed by alternating layers of porous silicon
with different porosity, resulting in layers with different pore radius, as illustrated by
the microscopy image in Figure [[c. In order to describe the fluid imbibition into a
mesoporous matrix with such periodic structure, one may still consider an assembly of
straight nanopores [19] 20, 42], now with periodic step changes in its radius, between
Tmin and Tmax, along the axial z-direction, as schematized in Figure [Ib. Actually, when
capillary-driven flows advance through periodically constricted tubes, the LW dynamics
holds but the effective radius in Eq. d{now scales as reg ~ 3. /13 [43|[44]. Tt is worth
noting that this scaling ratio has been also observed in porous media with bimodal
pore size distributions in the microscale [45, 46]. Thus, we consider Eq. |4 as a fair
approximation for the purposes of this work.
As mentioned above, a key aspect is that the capillary diffusivity of the thermoplas-
tic polymer employed as working fluid must present a temperature-dependent variation
4
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coincident with the Arrhenius law. This feature can be found in thermoplastic polymers
[47], where polymer viscosity is the controlling parameter. A typical example is pEVA,
for a wide range of temperatures, as we demonstrated in a previous work [20]. Thus, one
may write

DT) = Dayexp (-2t ). o)

where D, is a pre-exponential constant and Epr; is the activation energy of molecular
processes for fluid displacement, here considered as the activation energy of the TTI
sensing system. In fact, inserting Eq. [5|in Eq. 4] and integrating yields

t
E
2 TTT
z“=D e — dt. 6

< 0 P ( RT > ©)
Taking into account that 7" is always a function of time, the filling degree of the structure,
and hence the reflected color, depends on the undergone time-temperature history, which
represents the deterioration level of the monitored product, that is,

22 = Do(Tyes)I. (7)

Therefore, provided Err; = Egj, the remaining shelf-life defined in Eq. can be

rewritten as follows f
z

RSL=SL— ———. (8)
Dc(Tref)
Next step requires the coupling of Eq. [7] to the reflectance variation of the photonic

crystal.

2.83. Optical response of the photonic crystal

The porous structure has a sequence of layers (Figure [1) with periodic step changes
of porosity (p;), resulting in a periodic variation of the refractive index (n;). For this
structure, the Bragg condition (preferential reflection of the reference wavelength \g) is
reached when the optical path length, OPL (refractive index times thickness), of each
layer satisfies OPL;= \g/4. The presence of a polymer inside the pores increases the
effective refractive index of each i-layer (An;), and the variation of the OPL can be
estimated as A OPL;= An;p;z(t) [20]. Finally, taking into account Eq. [7] and provided
Err1 = Egr, onehas A OPL? proportional to I, meaning that there is a specific reflected
color for each value of the time-temperature history, thus encoding the sensor status.

3. Experimental

3.1. Materials

Crystalline p-type silicon (Topsil Semiconductor Materials SA, USA), doped with
boron, orientation [100], and resistivity 1-5 mQ-cm, was used to fabricate the DBRs.
Fluorhydric acid (50%) and ethanol were used as received to prepare the electrolyte
solution of the anodization process. Deionized water was used throughout the work.
The polymer used to infiltrate the DBRs was pEVA (Elvax 260 from Dupont), which
was thoroughly characterized in a previous work [20]. Here we reproduce some relevant
physical properties: the polymer density at 23°C is 955 kg/m?; the melting point is
about 75°C; the weight-average molecular weight is 118000 g/mol; the radius of gyration
is 22.1 nm; the polymer crystalinity is around 4.5%, and the refractive index is n = 1.49.

5
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Figure 1: (a) Scheme of the experimental setup for measuring the DBR reflectance during polymer
imbibition. (b) Highly schematic representation of polymer infiltration in the DBR, which is regarded
an array of periodically constricted pores, with effective pore radius varying between ryin, and rmax
along the z-axis. The empty DBR reflects a well-defined wavelength (green), which is red-shifted when
it is fully infiltrated with the polymer. (c) SEM image of the DBR showing the nanoscale periodic
structurethat is formed by alternating layers of porous silicon with different porosity, which results

equivalent to stratified layers with different pore radius (rmin and Tmax).
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3.2. DBRs fabrication

The DBRs were prepared by electrochemical anodization of crystalline silicon, which
serves as the anode of an electrochemical cell. The electrolyte consists in a solution of
fluorhydric acid (50%) and ethanol (1:2) (v/v). The current density during anodization
defines the mean pore size and porosity of the porous silicon formed. A profile of two
current densities was applied to obtain a porous multilayer of two alternating porosi-
ties (DBR). The employed current densities were 59 mA /cm? and 106 mA /cm?, which
yielded porosities of 78 % and 86 %, respectively.The refractive index of each layer can be
calculated by using the effective medium theory with an appropriate mixing rule. With
the formulation proposed by Looyenga-Landau-Lifshitz [48], we obtained n = 1.57 and
n = 1.35 for each layer. The DBR was designed for a reference wavelength Ay = 530 nm.

3.8. Optical measurements

The DBR reflectance variation during polymer imbibition was measured by using
an UV-Vis-NIR spectrometer (Ocean Optics HR4000) provided with a R400-7-SR fiber-
optic reflection probe. The DBR was placed onto a temperature-controlled plate with
a temperature resolution of 0.1K. A thin layer of polymer was deposited onto the DBR
surface. Subsequently, reflectance spectra were acquired at regular time intervals of 2s. A
sequence of snapshots was captured from above by using a high-resolution digital camera
(Canon EOS Rebel T5, Canon Inc., Tokyo, Japan) connected to a PC. The camera
was positioned vertically 20 cm over the sample and manually focused. Images with a
spatial resolution of about 20 pm per pixel were captured at intervals of 5 seconds. A
scheme of the experimental setup is shown in Figure In order to obtain the device
response at different temperatures (D.(T")) in a single experiment, the polymer imbibition
process was performed by imposing a linear increase of temperature, as demonstrated
in a previous work [20]. The position of the filling front and its time derivative were
measured as a function of the time, and then used to obtain D, = 2z (Eq. ) as a
function o time.

4. Results and discussion

Figure |2| shows the capillary diffusivity of the sensor as a function of temperature.
The infiltrating polymer was pEVA and the DBR was formed by 50 layers of alternating
pores sizes (Fmin and Tmax ), with 4.5 pm of total thickness. The layer of higher porosity
(rmax) was fabricated with an anodization current density of 106 mA/cm?, while the
current density corresponding to the lowest porosity layer (rmin) was varied between 12
and 59 mA /ecm?. The linear behavior observed in the semilog plot is typical of Arrhenius-
like processes. The curves are parallel since all of them correspond to the same polymer,
which determines their slope: Erry/R, according to Eq. |5l Thus, the activation energy
of the sensor can be found from Figure which results in Eppr & 76 kJ/mol. Tt is noted
that increasing the temperature in about 40 °C increases D. in more than three orders
of magnitude, due to the thermally activated (Arrhenius-like) behavior of viscosity.

As mentioned above, the polymer has to be chosen on the base of temperature depen-
dence of a specified QI, so that Eprr = Egy in the temperature range of interest. For
example, the Eq; for the general appearance of leafy greens is 65-70 kJ/mol [49], and for
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Figure 2: Capillary diffusivity for the imbibition of pEVA into the DBR formed by alternating layers with
different porosity, which were fabricated by varying the current density (both parameters are reported
in the inset). The stratified system thus combines layers with radii rmax and rpyi, that correspond to
current densities jmax and jmin, respectively (jmax was fixed, while jyin was varied; data in the inset).

the color of beef muscle is 81 kJ/mol [50]. Further, for a wide range of pharmaceuticals
products, Eg; falls in the range 42-125 kJ/mol [51].

On the other hand, the relative position of the plots in the ordinate-axis of Figure
is set by the DBR pore structure, i.e. by the combination of ryax and ryi,, which allows
tuning the reference level of the diffusivity (Deo in Eq. [§). This result shows that D (7))
can be set by choosing a proper combination of thermoplastic polymer, with a particular
w(T), and the DBR structure (rmax and rmin) for a given sensor application.

Figure shows the reflectance spectra of the sensor for three different times (tem-
peratures) during the polymer infiltration in a linear heating ramp experiment (current
densities were 59 mA /cm? and 106 mA /cm?). At ¢ = 0, when the pores are still empty,
the reflectance shows a peak at 530 nm and the sensor looks green. As time increases,
the polymer infiltrates the pores and changes the Bragg condition of the sensor, conse-
quently Ao shifts to a longer wavelength. As observed in Figure B, Ao moved to 680
nm after full infiltration of the DBR, which results in a red perception of the TTI. This
shift is consistent with that expected when the air into the pores (n = 1) is replaced by
the polymer (n = 1.49), as it can be calculated using the matrix formalism [52]. Varia-
tions of the DBR temperature could also affect the reflectance peak position due to the
thermal expansion of the structure or by refractive index dependency with temperature.
However, these variations are very small when compared to the changes produced by
the imbibition of the polymer. Actually, we calculated that a temperature change of 40
°C would produces a resonance peak shift of less than 0.1 nm. Besides, concerning the
temporal stability of the porous matrix, preliminary tests indicate that the reflectance
peak position of empty DBR varies less than 3% after 30 days at ambient conditions, in
accordance with previous reports [53].
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peak as a function of time during polymer infiltration. The characteristic times corresponding to the
spectra presented in (a) are also indicated. The inset shows the temperature ramp used in the experiment.
The bottom color bar was constructed from individual snapshots of the sensor at each infiltration time.

Figure shows the normalized polymer front position as a function of time during
infiltration, for the temperature ramp shown in the inset. This position was obtained
from the relative displacement of the reflectance peak in a spectrum zone that is not
affected by high reflectance of the DBR [20]. All the experiments were carried out at
least in duplicate; the run-to-run dispersion of the measured polymer front position was
less than 2% (note that each experimental run involves a new device, since polymer
imbibition into the matrix is irreversible). The color-bar shows the colors reflected by
the sensor at each time, which are easily differentiated by the naked eye. This color-bar
was constructed from a series of single snapshots of the sensor taken every 5 seconds
during the temperature ramp.

Figure [4] shows the color-appearance of the sensor at different combinations of total
exposure time and temperature. It was constructed from the snapshots of the sensor
taken during polymer infiltration. As mentioned before, each value of filling position (z)
is encoded with a particular color of the device (horizontal color-bar in Fig. [3p). Thus
the 2D plot in Fig. involves the calculation of z for each combination of time and
temperature, using z = /D.(T)t. Then, the color at each point shows the appearance
of the sensor at each combination of total exposure time and temperature (green for the
empty DBR and red for the fully infiltrated DBR). In other words, the color scale is a
measure of the filling front position z, whereas each z value determines the corresponding
time and temperature of occurrence (plotted as horizontal and vertical axis, respectively).
For example, at 50°C , the TTI changes from green to red in about 1 day; however, the
same color change takes about 10 days at 35°C. The slope and relative position of the
color change zone (Arrhenius law, note the log-scale for the time-axis) can be adjusted
from the polymer characteristics and the DBR structure. Thus one may tune the TTIs
for the accurate monitoring of arbitrary QIs of food and pharmaceutical products.
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Figure 4: Time-temperature diagram built from the superposition of sensor snapshots: the color map
represents the readout of the TTI after a cumulative temperature history.

5. Conclusions

In this work we demonstrate that the combination of (i) the sensing capacity of pho-
tonic crystals, (i) the Arrhenius-like dependence of viscosity of thermoplastic polymers,
and (iii) the spontaneous imbibition of a thermoplastic polymer into mesoporous silicon,
together with the good repeatability of the process, can be exploited to build a reliable
and completely autonomous TTI. The proposed device satisfies all the requirement to be
used as a real-world TTI, namely: it is a flexible thin sheet, easy to pack, with irreversible
response, naked-eye reading, and fine-tunability for different QIs. All these attributes
make this sensor a good candidate to be employed for sensing the thermal history of
perishable products, like food and pharmaceutical goods.
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A time-temperature sensor with straightforward and intuitive readout was developed
The sensor combines 1D porous silicon photonic crystals and thermoplastic polymers
The optical response is tunable from polymer characteristics and photonic crystal
structure

The device is thin, flexible, easy to pack, and presents irreversible cumulative

information





